Pantothenate kinase-associated neurodegeneration (PKAN) is extremely rare. In this study, we aimed to evaluate the magnetic resonance imaging (MRI) findings of PKAN patients. Conventional MRI and susceptibility weighted imaging (SWI) sequences and quantitative susceptibility mapping (QSM) maps of six patients from three PKAN families and eight healthy male volunteers were retrospectively analyzed. Iron content was represented by QSM values. The typical eye-of-the-tiger sign (n = 4) and hyperintensity (n = 2) of the bilateral globus pallidus (GP) were observed on T2WI sequences. The SWI signal was low (n = 5), and the QSM values were obviously higher (n = 2), which manifested as a reversed eye-of-thetiger sign (n = 4) and hyperintensity (n = 2) on the QSM map. The QSM values were higher in the bilateral central GP, bilateral peripheral GP, and bilateral substantia nigra (SN) and lower in the left red nucleus (RN) compared with the healthy controls. No significant differences were observed in the right RN, bilateral thalamus and bilateral occipital regions. Low signals on SWI sequences and high QSM values with a reversed eye-of-the-tiger sign on QSM maps are important for the diagnosis of PKAN, especially in patients who do not show the eye-of-the-tiger sign in early stages. The eye-of-the-tiger sign observed on T2WI is helpful in diagnosing PKAN when the disease has already progressed to an advanced stage.
Introduction
Neurodegeneration with brain iron accumulation (NBIA) comprises a group of rare autosomal recessive disorders with complications ranging from death in childhood to Parkinson-like dystonia in adulthood [1] . It is a group of heterogeneous disorders that are caused by abnormal iron accumulation in the basal ganglia. These disorders are caused by mutations of various genes, including PANK2, PLA2G6, FA2H, FTL and CP [2] . PANK2-induced NBIA is known as PKAN and is the most common subtype, accounting for approximately 50% of all NBIA patients [3] . The pathophysiology of PKAN predominantly involves the accumulation of iron salts in the central nervous system, which results in the neuronal degeneration of the globus pallidus (GP), the substantia nigra (SN) and the red nucleus (RN). PKAN is manifested in typical and atypical forms. Typical or early-onset PKAN is most common in children aged less than 6 years. It is a rapidly progressive phenotype that predominantly involves the extra-pyramidal system. In contrast, atypical or late-onset/adult PKAN typically occurs between the ages of 13 and 14 years, has a relatively slower disease progression, milder symptoms of movement disorders and a longer survival period [4, 5] .
The early diagnosis of NBIA in the absence of genetic testing is a challenge. The ''eye-of-the-tiger" sign involving the GP in T2WI (hyperintensity in the center with a rim of marked hypointensity at the periphery) is helpful for diagnosing this disease at an advanced stage; however, its role in facilitating early diagnosis is rather limited. Some recent studies have assessed the use of novel MRI techniques for the detection of brain iron deposition to facilitate the early diagnosis of PKAN. Szumowski et al. [6] compared the T1, T2, and T2* relaxation time and the R1, R2, and R2* susceptibility of the GP in 8 patients with those of a healthy volunteer. They found a significant difference in R2* between PKAN and control but no significant difference in R1 and R2. Recently, Zorzi et al. [7] used R2* to quantify iron content in the GP to evaluate the efficacy of deferrization treatment. Currently, SWI is regarded as the best tool for the noninvasive in vivo detection of iron deposition in the brain. It is highly sensitive to paramagnetic substances (such as iron or demyelination). QSM is a novel post-processing technique that allows the bulk magnetic susceptibility distribution of tissue in vivo to be calculated from phase images [8, 9] . QSM is now considered a promising method for the sensitive detection of non-heme brain iron. Therefore, it might be an optimal tool for the early diagnosis of PKAN.
To the best of our knowledge, the use of QSM to evaluate PKAN patients has not been reported. In this study, we aimed to identify the magnetic resonance imaging (MRI) findings of PKAN using different MRI sequences, especially SWI and QSM.
Materials and methods

Design and patients
This study was approved by the Ethics Committee of Xiangya Hospital of Central-South University, and informed consent was obtained from each patient or volunteer (or legal guardian).
From January 2015 to December 2016, six PKAN patients and eight healthy volunteers at our hospital were enrolled in this study. One patient underwent computed tomography (CT) scans, and thirteen (including five PKAN patients and eight healthy volunteers:all were males, including patients and volunteers) underwent a magnetic resonance imaging (MRI) examination. All patients in the center, and mild hyperintensity at the periphery Eye-of-the-tiger sign Hypointensity Reversed ''eye-of-thetiger" sign Table 3 The differences in the distribution of QSM values between PKAN patients and controls. NOTE: G1 PKAN patients group; G2 controls; R right; L left; IQR interquartile range; GP globus pallidus; SN substantia nigra; RN red nucleus; ''a" denotes data that are not normally distributed, and nonparametric tests were performed; ''b" denotes data that are normally distributed, and independent two sample T tests were performed; ''*" denotes that the difference is significant (p = 0.05, two tailed). have not received deferrization treatment in this study. The clinical and imaging data were collected for further analysis.
Gene mutation detection
The Sanger method (first-generation DNA sequencing) and polymerase chain reaction (PCR) were used to detect mutation of the target PANK2 gene in our hospital.
CT and MR imaging
The CT examination was performed with a 320-detector volume CT system (Aquilion ONE, Toshiba, Tokyo, Japan). The scan parameters were as follows: 5-mm section thickness, 1-mm slice thickness reconstruction, 120-kV voltage, 120-mA current, and 256 Â 256 matrix. MR images were obtained with a 3.0-T superconductive unit (Singa HD xt, GE Medical Systems, Umatilla, FL, USA), and a head coil was used. T1-weighted (20 slices, thickness/ gap = 5.0/1.5 mm, matrix size = 320 Â 224, FOV = 240 mm Â 240 mm, TR/TE, 2858/24 ms), T2-weighted (20 slices, thickness/ gap = 5.0/1.5 mm, matrix size = 320 Â 256, FOV = 240 mm Â 240 mm, TR/TE, 4480/120 ms) and SWI (76 slices, thickness/ gap = 2.0/0 mm, flip angle = 20°, matrix size = 320 Â 288, FOV = 240 mm Â 240 mm, TR/TE, 53.8/16 ms) images were obtained. A case of typical PKAN (Case 1) underwent two MRI scans at 9-month intervals; all other patients and controls underwent one scan each. The following QSM procedures were conducted: (1) The magnetic field distribution of the original phase image was evaluated before the phase image of each coil channel was calculated, and the phase information was unwrapped; (2) The brain structure image was obtained based on the magnitude image; (3) The high background (i.e., the low-frequency artifact due to the skull-air interface) was removed from the phase image, and the edges were sharpened; and (4) The magnetic susceptibility image was obtained using the least square QR-factorization (LSQR) method, combining the magnitude image and the unwrapped, background-removed phase image (using the phase image as a reference to adjust the magnitude image). Twelve regions of interest (ROIs) of similar size were selected for each subject to measure QSM values (the mean of the selected ROIs is shown in Fig. 1) . ROIs in the peripheral margins and the center of the bilateral GP (eye-ofthe-tiger sign), the bilateral SN, the bilateral RN, the bilateral dorsal thalamus (Thal.), and the bilateral occipital subcortex were placed manually by experienced radiologists.
Imaging analysis
Images were independently evaluated by two associate professors with more than 10 years of experience in nervous system diseases, including signal changes, the ''eye-of-the-tiger" sign and the reversed ''eye-of-the-tiger" sign in T2WI, T1WI, SWI and QSM maps. The investigators were all blinded to the genetic test results, and inconsistencies were resolved via consensus. All ROIs were selected the same brain structures in each subject to match data consistency.
Statistical analysis
The Shapiro-Wilk W test was performed to test whether the data were normally distributed (with threshold, p = 0.1). Independent two-sample t tests were performed to detect the difference in the QSM values between the PKAN patient group and the control group if the data were normally distributed and had equal variance, and the data were presented as the mean and standard deviation (SD). Nonparametric tests were performed if the data were not normally distributed, and the data were presented as the median and interquartile range (IQR). All statistical analyses were performed using SPSS 18.0 (SPSS Inc., Chicago, IL, USA), with P < 0.05 considered statistically significant. Due to the insufficient number of cases so that is not enough to determine a cut off value of QSM to diagnosis PKAN.
Results
A total of six PKAN patients from three families with a history of PKAN underwent MRI examination. All families were of Han Chinese descent, and none of the three sets of parents were in a consanguineous marriage. No similar disease history was identified in the paternal or maternal families. One patient exhibiting typical PKAN had an older brother with a similar history who died at 9 years of age; however, no genetic test or imaging examinations were performed. All patients were born at full-term. The clinical characteristics of the subjects are summarized in Table 1 .
Eight young healthy male volunteers (mean age: 22.5 years [range, 21-24]) were included as controls, matched with atypical PKAN and the examination sequences. 
Analysis of mutations
Case 1 had two heterozygous mutations at PANK2 exons c.288dupG and c.482A > G (Table 1 ) located at chr20:3891402-38914032 and chr20:3893224, resulting in amino acid changes at p.L96fs and p.D161G, respectively. Pedigree verification showed that his father was heterozygous for a mutation of c.288dupG at chr20:3891402-38914032. His mother had a heterozygous mutation of c.482A > G at chr20:3893224. Cases 2, 3 and 4 were brothers from the same family, and they were all homozygous for a known mutation at PANK2 exon2 c.856C > T (Table 1) . Pedigree verification indicated no obvious gene mutations in their parents.
Cases 5 and 6 were another pair of brothers. Case 5 had a heterozygous mutation at PANK2 gene exon3 A803 > G, and case 6 had a heterozygous mutation at the PANK2 gene exon T1172 > A (Table 1) . Pedigree verification indicated no obvious gene mutations in their parents.
Radiographic findings
Conventional MRI (including T1WI and T2WI), SWI and QSM map changes in the GP were recorded and tabulated to facilitate comparisons ( Table 2) . QSM values were higher in the bilateral central GP, the bilateral peripheral GP, and the bilateral SN of PKAN patients than in the respective regions of healthy controls ( Table 3) . The QSM values were lower in the left RN than in healthy controls, and no significant differences were observed in the right RN, the bilateral thalamus or the bilateral occipital regions ( Table 3 ). The highest ratio of QSM values between PKAN patients and volunteers was 4.8 (0.497/0.103, case 4). Corresponding images are shown in Figs. 2-6 . Case 3, who underwent CT scanning during hospitalization, showed normal density and morphology of the bilateral GP (Fig. 4A ).
Discussion
PKAN is a hereditary extrapyramidal neurodegenerative disorder pathophysiologically characterized by the spherical enlargement of axons [10] . The hallmark pathological feature is abnormal iron accumulation in the GP, which later progresses to diffuse atrophy of the brain parenchyma. The early symptoms of PKAN are similar to those of many other diseases, which makes clinical differential diagnosis very difficult. Due to the lack of genetic testing, the diagnosis of the disease is largely based on the detection of the ''eye-of-the-tiger" sign on MRI T2WI sequences. Postmortem histopathological studies have verified that low signal areas in the typical eye-of-the-tiger sign are associated with iron accumulation, whereas the central areas of high signals are related to neuronal loss, spongy degeneration, glial proliferation and eosinophilic spheroid accumulation. Of note, no calcium deposition was observed in these lesions [11] .
Recent studies have shown a significant correlation between the presence of PANK2 mutations and the eye-of-the-tiger sign on brain MRI of patients with PKAN [4, 12] . However, no systematic research on the occurrence and variations in the pattern of the eyeof-the tiger sign has been conducted. Furthermore, the evolution of . Case 5 (A, B, C): T2WI (A, short white arrow) and SWI (B, long white arrow) showed a low signal in the GP, reversed ''eye-of-the-tiger" sign in QSM (C, white arrowheads). Case 6 (D, E, F), T2WI showed the ''eye-of-the-tiger" sign in the GP (D, short red arrow), a low signal in the GP in SWI (E, long red arrow), and a reversed ''eye-ofthe-tiger" sign in QSM (F, red arrowheads).
PKAN symptoms and their correlation with changes in MRI features over time has yet to be characterized. An asymptomatic case of PKAN suspected based on typical MRI manifestations and later confirmed on genetic testing was previously reported [13] . For most patients, the duration of the presence of the eye-of-thetiger sign and disease onset are both difficult to determine. Moreover, the central high signal may completely disappear in some patients with time [14] . Conversely, confirmed cases of PKAN without the eye-of-the-tiger sign have also been reported [12, 14, 15] .
In our study, four cases showed typical eye-of-the-tiger signs; the duration of disease in these patients was longer than 2 years, and the longest was 7 years. However, the difference in the disease courses and clinical symptoms between the patients was not reflected in the morphology of the eye-of-the-tiger sign. Two patients in our study showed symmetrical high signals in the bilateral GP on the initial T2WI, whereas MRI examination 9 months later showed slightly lower signals at the peripheral portion of the GP and some high signals in the central region. However, the eye-of-the-tiger sign was absent on both occasions. Hayflick et al. [12] reported that the earliest MRI findings in these patients are hyperintense signals of the GP on T2WI; they attributed these high signals to brain tissue damage and edema induced by neurotoxic compounds containing cysteine. However, the authors did not clarify whether pre-existing iron accumulation in the GP can result in low signals on T2WI sequences. Thus, whether high signals on T2WI reflect previously accumulated iron in the GP in the early stages of PKAN and whether the quantitative assessment of iron content may help in the early diagnosis of PKAN are not clear.
In this study, we measured the QSM values in eight healthy volunteers who were age-and brain-structure matched with the patients belonging to the two atypical families. These QSM values of volunteers showed no obvious discrepancy compared to those reported in previous studies [16, 17] . In this study, the QSM values of the bilateral GP and the bilateral SN were obviously higher than the mean value of the controls, especially in the central area of the GP. However, no obvious increase in the QSM values was found in the right RN, the bilateral thalamus or the bilateral occipital lobe. In addition, we observed that the QSM value was lower in the left RN of PKAN patients than in controls. This indicated that the iron was distributed predominantly at the center of the GP. Thus, it may be speculated that iron accumulation starts at the center of the GP and then gradually progresses to the SN, whereas the right RN, where no iron accumulation was observed, is likely spared. Regarding the lower QSM value in the left RN, we believe that it may be due to the small sample size and measurement error. The higher QSM values indicate that the diffuse accumulation of iron in the GP may have already started prior to the development of the eye-of-the-tiger sign on T2W1. Regarding the lack of low signals on T2WI with case 1, we speculate that in the early stage of the disease, the long T2 effect caused by cell necrotic degeneration, edema and glial cell proliferation may have masked the short T2 effect caused by iron accumulation, at a time when SWI and QSM may be more sensitive to qualitative and quantitative iron accumulation. Therefore, we speculated that SWI and QSM could be used to detect and quantify abnormal iron accumulation when the eye-of-the-tiger is not observed, which is very important for the early diagnosis of PKAN.
Cases 2, 3, 4 and 6 showed the eye-of-the-tiger sign and symmetrical areas of low signals on SWI in the bilateral GP. The QSM map showed a ring of low signals at the center and high signals at the periphery, a pattern that is opposite to that of the eye-ofthe-tiger sign on T2W1; therefore, we term this pattern a reversal of the eye-of-the-tiger sign. The QSM values were obviously higher, especially in the central GP (a maximum of 4.8-fold higher than that in the controls), and the high signal likely indicates areas of greater iron accumulation, while low signals represent the spongy degeneration of neurons. An irregular QSM map may be the result of inter-or intra-cell heterogeneity in iron distribution, which induces a heterogeneous paramagnetic effect. The QSM values of the SN were also higher than those in controls but were obviously less than those for the GP. We speculated that the QSM values in the GP might be a sensitive biomarker for the diagnosis of this disease.
An interesting finding pertaining to the SWI and the QSM map was that the low signal gradually spread out as radial thin strips along the striatum-GP-SN fiber, the GP-lenticular nucleus fiber, and the putamen-caudate nucleus fiber, but the internal capsule fiber showed no involvement (Figs. 1, 2 and 4) , similar to the findings reported by Sunali et al. [18] . We speculate that these lowsignal nerve fibers may be undergoing demyelination or glial proliferation. These MRI changes in the GP, SN, RN and striatum fibers corresponded to the extra-pyramidal symptoms of PKAN patients and may reflect its pathophysiological changes.
The reason for the lack of abnormal iron accumulation in other brain areas, except for the GP and the SN, is still not clear. Whether these areas are not involved or are not injured by iron accumulation or whether this reflects that the disease course is not long enough remains unclear. The specificity of iron deposits in the GP and the SN requires more in-depth studies.
This study was based on 6 patients from three PKAN families, but a longitudinal comparison was performed in only one patient, which limits the research value of QSM in assessing PKAN. The presence and development of the eye-of-the-tiger sign and the correlation between iron content and symptoms warrant further investigation. Therefore, we plan to follow these PKAN families over the long-term. Furthermore, QSM provides only a ''relative" quantification of susceptibility rather than the absolute physical quantity. This is because the MRI phase and frequency values are relative and affected by phase filtering procedures and because there is a lack of universal and reliable frequency references for in vivo imaging [19] .
Conclusion
Low signals on SWI sequences and high QSM values with a reversed eye-of-the-tiger sign on QSM maps are important for diagnosing PKAN, especially in patients who do not show the eye-of-the-tiger sign in early stages. The eye-of-the-tiger sign observed on T2WI is helpful in diagnosing PKAN when the disease has already progressed to an advanced stage.
Declaration of conflicts of interest
None of the authors have declared any conflict of interest.
Appendix A. Supplementary material
Supplementary data to this article can be found online at https://doi.org/10.1016/j.jocn.2018.10.090.
